Background. Steatosis is a common histological finding and a poor prognostic indicator in patients with hepatitis C virus (HCV) infection. In HCV genotype 3-infected patients, the etiology of steatosis appears to be closely correlated with unknown viral factors that increase intracellular lipid levels. We hypothesize that specific sequence polymorphisms in HCV genotype 3 core protein may be associated with hepatic intracellular lipid accumulation.
Steatosis is common in patients infected with hepatitis C virus (HCV) and contributes to the chronic hepatitis and progressive hepatic injury that can lead to end-stage liver disease and hepatocellular carcinoma [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . HCV infection is currently the leading indication for adult liver transplantation in the United States, causes 8000 -10,000 deaths per year, and has projected health care costs for 2010 -2019 of $20 -$50 billion [12] [13] [14] .
HCV is a single-stranded, plus-sense RNA virus [15] . It is classified within the Flaviviridae family in the Hepacivirus genus [13] . The core protein forms the nucleocapsid of the virus, has 191 aa, and consists of 3 domains [13, 16 -18] . ) is the hydrophobic signalpeptide domain that inserts into the endoplasmic reticulum membrane and facilitates (1) its own cleavage at residue 179 and (2) cleavage at the core-E1 junction to allow for subsequent E1 processing [1, 3] .
Half of HCV-infected patients have evidence of steatosis on liver biopsy [2] [3] [4] [5] [6] [7] [8] [9] . Several studies have shown HCV-related steatosis to be associated with accelerated fibrosis progression, impaired interferon response, and increased risk of hepatocellular carcinoma [1, 9] . Steatosis pathogenesis during HCV infection appears to involve viral and host factors [19 -21] . Important host factors identified include alcohol use, obesity, diabetes, insulin resistance, and leptin levels [3, 9, 20, [22] [23] [24] [25] . Patients infected with HCV genotype 3 have steatosis that correlates with serum HCV RNA levels, resolves with successful therapy, and is independent of host factors [9] . Genotype 3-infected patients have steatosis that is more frequent and severe than genotype 1-infected pa-tients [22] . Despite these findings, not all patients with genotype 3 infection have steatosis. These observations support a 2-pathway model of steatosis formation: one involving viral factor(s) present in most genotype 3 isolates and absent or reduced in other genotypes and another relying on manipulation of susceptible host pathways that is genotype independent [22, 26] .
Previous steatosis research has primarily involved in vitro expression of genotype 1 core protein. A recent in vitro study expressed HCV core protein from genotypes 1-5 in Huh7 cells to address the role played by genotype [27] . Genotype 3a core protein showed 3-fold higher levels of triglyceride than genotypes 1b and 3h core, and no accumulation was seen with other genotypes, as detected by oil red O (ORO) staining. No significant sequence variations accounted for the results.
In the present study, we used a well-characterized repository of samples from patients infected with HCV genotype 3a who had either significant or no demonstrable steatosis. We identified polymorphisms within genotype 3a core isolates that correlated with clinical steatosis. Expression of these HCV genotype 3a core protein clones led to differences in intracellular lipid accumulation in liver cell lines. We subsequently manipulated these polymorphisms that differentiated core sequences from individuals with and without steatosis. We demonstrated that core protein residues 182 and 186 may have a significant association with hepatic lipid accumulation in the host.
MATERIALS AND METHODS

Patient selection.
Patient serum samples were selected from an existing biorepository consisting of all pertinent host and virologic data from Ͼ400 patients with chronic HCV infection [3] . The study was approved by the Duke University Institutional Review Board.
Selection criteria included being treatment naive, having HCV genotype 3a infection, and having complete data and available serum samples. Abstinence from alcohol was required for 12 months before therapy. Liver biopsy specimens from a subset of 26 patients were examined, and patients were divided into those with steatosis (grade 3 [60% cells with fat]) on liver biopsy and those without steatosis (grade 0 [0%-2% cells with fat]), as judged by an experienced pathologist blinded to patient information [28] . Four samples were selected from each group for this initial study.
Viral RNA isolation and reverse-transcription polymerase chain reaction (RT-PCR). Viral RNA was isolated from thawed 200-L serum aliquots using the QIAamp MinElute Virus Spin Kit (Qiagen). RT-PCR was performed using the SuperScript III One-
Step RT-PCR System (Invitrogen). Custom primers were designed using the HCV sequence database (Los Alamos National Laboratory [LANL] ) to amplify the genotype 3 core region (table 1) , and 100 -200 ng of viral RNA was used per reaction. Amplification conditions were as follows: 50°C for 30 min; 94°C for 2 min; 45 cycles of 94°C for 30 s, 64°C for 30 s, and 68°C for 45 s; and 68°C for 5 min.
Cloning and sequence analysis. RT-PCR products were purified using the QIAquick PCR Purification Kit (Qiagen), digested with EcoRI-XbaI, and repurified. The digested insert was ligated into the vector pAC-cytomegalovirus (CMV) by means of T4 DNA ligase (New England Biolabs), 5 L of the ligation reaction was transformed, and colonies were selected after overnight growth on Luria-Bertani-ampicillin medium. Plasmid DNA was isolated using the QIAamp Spin Miniprep Kit (Qiagen) and screened by restriction digestion. Sequencing was performed by the Duke University Medical Center DNA sequence analysis core facility, using a 5' CMV promoter primer and a 3' simian virus 40 poly-A primer in triplicate to generate composite sequences. The predicted amino acid sequences were compared using the following programs: BLAST, BLAST 2 (National Center for Biotechnology Information [NCBI]), ClustalW, and Transeq (European Molecular Biology Laboratory-European Bioinformatics Institute).
Generation of clones and mutants, transfection, and Western blot analysis. Three HCV core clones (HCV1, HCV11, and HCV12) were reamplified by PCR (iProof; Bio-Rad) with the original primers or a substituted 3' primer designed to mutate the nucleotides coding for aa 182 or 186 (table 1). These amplicons were cloned into pcDNA3.1 V5-His A (Invitrogen), and plasmids were screened and sequenced as described above. The core sequence from clone HCV-N (genotype 1b; NCBI accession no. AF139594; gift from S. Weinman) was cloned and used as a comparator in subsequent experiments.
Huh7 cells were transfected with 1 g of DNA by means of Lipofectamine and Plus reagents in Opti-MEM medium (Invitrogen). Cells were grown in RPMI medium with 10% fetal bovine serum (FBS), and after 72 h cell lysates prepared with Passive Lysis Buffer (Promega) were analyzed by immunoblot using anti-HCV core an- tibody (Austral Biologicals) and goat anti-mouse-horseradish peroxidase secondary antibody (Santa Cruz Biologicals). Immunofluorescence (IF), ORO staining, and image analysis. HepG2 and 5H cells were transfected using an adenovirus "piggyback" method [29, 30] . Briefly, cells were passaged into chamber slides at 60%-70% confluence, and the HCV core-containing clones were applied after incubation with empty adenovirus, poly-L-lysine, and serum-free Dulbecco's modified Eagle medium (DMEM) with 25 mmol/L HEPES for 30 min successively. Then, 300 L was applied to each well and incubated at 37°C in 5% CO 2 for 2 h. One milliliter of DMEM plus 10% FBS was added, and cells were incubated overnight. Medium was replaced at 24 h, and at 48 h cells were washed with PBS and fixed with 4% paraformaldehyde for 30 min at 37°C. Cells were permeabilized with PBS/0.1% Triton-X for 5 min, blocked with PBS/5% bovine serum albumin (BSA) for 10 min, and stained with anti-HCV core antibody (Affinity BioReagents) (1:250) in PBS/5% BSA for 30 min at 37°C. Cells were washed with PBS and then stained with Alexa-Fluor 488 goat anti-mouse IgG1 antibody (Molecular Probes/Invitrogen) (1:400) for 30 min at 37°C. Cells were washed, fixed again for 10 min, and stained with 4,6-diamidino-2-phenylindole (1:1000) in methanol for 3 min at 25°C. Cells were washed with PBS twice and propylene glycol 3 times for 5 min each. ORO stain in propylene glycol (Newcomer Supply) was applied for 7 min, and then cells were washed in 85% propylene glycol for 3 min. Cells were rinsed in distilled water twice and mounted using PBS/glycerol (1:1). Slides were examined using an Axiovert 200 microscope (Carl Zeiss) with epifluorescent illumination, and images were recorded using an AxioCam HRC camera (Carl Zeiss) and Axiovision software (version 4.4; Carl Zeiss), with the same settings used for all photographs.
Ten fields at ϫ63 magnification were examined for each clone in duplicate, for a total of 20 fields per clone. Image analysis was performed using MetaMorph software (version 7; Molecular Devices). Briefly, a region was designated around each cell or group of cells that stained positive for fluorescein isothiocyanate. The region was transferred to the corresponding coordinates on the bright-field image. A red color threshold was applied, and the percentage of area that met or exceeded the threshold, the minimum and maximum intensity, and the average intensity were recorded. The average percentage of area that met the red threshold, with SD and SE, were calculated for each HCV clone.
Statistical analysis. Statistical comparisons were done using Intercooled Stata (version 8.0; StataCorp). For replicate experiments, data are reported as mean Ϯ SD and mean Ϯ SE values. Comparisons between groups were performed using Student's t test for the percentage of area that met the red threshold. Significance was accepted at the 5% level.
RESULTS
Individuals with HCV genotype 3 infection are at increased risk for steatosis; however, not all genotype 3-infected individuals develop steatosis. We speculated that the core protein of HCV genotype 3 has polymorphisms that are associated with steatosis. We hypothesized that expression of these clones would produce different degrees of intracellular lipid accumulation when expressed in vitro.
Sequence analysis. Our patient repository has samples from Ͼ400 HCV-infected patients, including Ͼ80 with HCV genotype 3a infection. After careful screening of patients with or without a diagnosis of steatosis, 8 patients HCV genotype 3a infection were selected for detailed sequence, molecular, and phenotypic analysis. Half of the patients had severe steatosis, and the other half had HCV infection but no steatosis, serving as a perfect control group. There were no significant differences in demographic variables between the 2 groups (table 2). As expected, the steatosis group had more severe steatosis than the nonsteatosis group (P Ͻ .001). We did note that the patients without steatosis had more advanced fibrosis in this small subgroup.
As summarized in figure 1A , our sequence analysis yielded highly related sequences with 96%-100% identity to each other and to a consensus 3a sequence from the HCV sequence database. Several isolates contained nonsynonymous substitutions that occurred at various positions, but most of these substitutions occurred in only 1 isolate from the group. No single substitution segregated the core consensus sequences into their clinical steatosis phenotype, but detailed analysis yielded important differences when residues 182 and 186 were examined in combination. We examined these 2 positions closely because substitutions occurred at these 2 positions in all isolates from patients with steatosis but in no isolates from patients without steatosis. All core isolates from patients with steatosis had the amino acid pair phenylalanine-valine (FV) or leucine-isoleucine (LI) ( figure  1B ). All core isolates from patients without steatosis had the pair phenylalanine-isoleucine (FI). Only 1 patient sample (HCV3) yielded discordant sequence results. Statistical analysis showed the polymorphisms to be significantly related to their respective steatosis phenotype (for LI with steatosis, P ϭ .03; for FI with no steatosis, P ϭ .005; for FV with steatosis, P ϭ .3; for FVϩLI with steatosis, P ϭ .07).
The core cDNAs isolated from patient samples were subsequently cloned for in vitro expression. Three of the isolates, HCV1, HCV11, and HCV12, were mutated using PCR with custom 3' primers that were designed to change the amino acid at position 182 or 186 depending on the clone: HCV1 V186I, HCV11 I186V, and HCV12 L182F. Plasmids were transfected The correlation between steatosis and the LI amino acid pair was significant (P ϭ .028), as was the correlation between no steatosis and the FI pair (P ϭ .005).
into Huh7 cells; figure 2A shows Western blot analysis of the 3 core isolates HCV1, HCV11, and HCV12 and corresponding mutants after 72 h. The expression of all clones resulted in sizeappropriate protein bands of equivalent abundance.
IF and ORO staining. We designed a protocol that combined IF staining for HCV core protein and ORO staining to address (1) whether in vitro expression of steatosis clones resulted in increased intracellular lipid accumulation and (2) whether there were significant differences between expression of steatosis versus nonsteatosis clones. We transfected HepG2 cells with HCV core protein (data not shown) and analyzed samples at 48 h by IF/ORO staining. Although there were many lipid droplets within cells staining positive for HCV core protein, most other cells also had a significant quantity of intracellular lipid. This "background" lipid was seen in both Huh7 and Hep3B cell lines (data not shown), so analysis of subtle differences between clones would not have been possible. Despite transfection of many different liver cell lines, this high-lipidlevel background was seen in most liver cell lines. Ultimately, we found the ideal model for our experiments-the HSC5H cell line, a clonally derived rat hepatic cell line with stellate cell characteristics that had previously been used for lipid metabolism experiments [29, 30] . This cell line had little or no lipid present under normal culture conditions. Control experiments showed equivalent levels of protein expression as detected by IF between HCV core clones (data not shown). Figure 2B illustrates 5H cells transfected with HCV core protein and analyzed after 48 h by IF/ORO staining. Cells expressing HCV core protein contain numerous lipid droplets, whereas cells not expressing HCV core protein have minimal detectable intracellular lipid in the field evaluated.
Detecting subtle differences using conventional biochemical techniques would have been difficult with our low transfection efficiency (5%) after optimization. Instead, image analysis with MetaMorph software was used to obtain quantitative measures of lipid accumulation (figure 3). During the core protein expression experiments, regions were set on the IF image and directly transferred to the ORO image, and total red was analyzed and recorded. The advantage was that no subjective bias from an investigator could be introduced at this stage. Figure 4Aand 4B show validation experiments using 5H cells incubated in medium with 2%, 10%, and 20% FBS. The increasing fat content with increasing FBS content shown in the images correlated well with the increasing percentage of ORO staining measured by MetaMorph.
Transfections were performed in 5H cells, using each of the 3 HCV core clones expressed along with its corresponding mutant. Green fluorescent protein (GFP) and empty vector were used as controls. Transfections were performed in duplicate, followed by IF/ORO staining after 48 h. Analysis was performed on twenty ϫ63 images for each transfected well ( figure 5A ). GFP resulted in minimal (1%) ORO staining, whereas expression of all of the HCV core clones caused increased lipid accumulation. The lipid droplets were primarily perinuclear except in cells with lipid overload, in which the droplets were distributed throughout the cytoplasm. Expression of the steatosis-associated HCV1 and HCV12 clones resulted in significantly more ORO staining per region compared with the nonsteatosis HCV11 clone (HCV1, 11.4% Ϯ 6.7%; HCV12, 10.8% Ϯ 4.7% vs. 7.8% Ϯ 3.3%; P ϭ .02 and P ϭ .01, respectively) ( figure 5A and 5B). Expression of HCV-N core, which is a genotype 1b isolate, resulted in less intracellular lipid (8.99% Ϯ 4.7%; P ϭ .14).
Analysis of core mutant clones. Mutants for HCV1 and HCV12 were designed to test the significance of polymorphisms at positions 182 and 186 in predicting intracellular lipid accumulation. Mutants were directly compared with the parent sequence. The HCV1 mutant, with the V186I mutation intended to reverse its steatosis phenotype, had 27% less ORO staining per region than did the parent clone (11.4% Ϯ 6.7% vs. 8.3% Ϯ 4.8%; P ϭ .03) ( figure 6A and 6B) . The same was true for another steatosis clone, HCV12, compared with its mutant L182F clone; there was 37% less intracellular lipid with the mutant clone (P ϭ .01) (data not shown).
DISCUSSION
We have identified amino acid substitutions at positions 182 and 186 of the HCV genotype 3a core protein that cause increased intracellular lipid accumulation in hepatic cells and may contribute to steatosis development. These sequence differences segregated a carefully selected group of patients with or without
The figure is available in its entirety in the online edition of the Journal of Infectious Diseases. (steatosis), the respective averages were 11.4% and 10.8%, compared with only 7.8% for cells expressing the HCV11 clone (nonsteatosis). These differences were significant (P ϭ .02 and P ϭ .01, respectively). For HCV-N, a genotype 1b clone, the average ORO staining was 8.9% (for HCV1 and HCV 12 vs. HCV-N, P ϭ .14). B, Images from each group that represent the average percentages of ORO staining in the MetaMorph analysis. Immunofluorescence (IF) and ORO images are shown for GFP, HCV1, and HCV11.
steatosis in all cases except 1 in this pilot study. In vitro expression of these clones led to increased intracellular fat levels, as detected by ORO staining, and we found significant differences of intracellular lipid levels when clones from patients with steatosis were expressed compared with those from patients without steatosis. Mutations at positions 182 and 186 in steatosis clones were successful in decreasing the amount of intracellular lipid. These findings suggest that this domain of core protein plays an important role in regulating cellular lipid metabolism or trafficking.
Our results are consistent with findings of prior studies examining the role played by the HCV genotype 3 core protein in steatosis. The genotype 3a core sequence used in the study of Abid et al. [27] had the FV amino acid pair at positions 182 and 186, consistent with our findings. Abid et al. also found moderate lipid accumulation with genotype 1 core protein, but it was 3-fold less than that with genotype 3a. These experiments indicated that in vitro expression of most HCV core protein isolates led to some intracellular lipid accumulation, which would explain why our nonsteatosis clones still led to increased lipid levels. Our findings are novel because we show distinct differences between genotype 3a isolates, which may explain why certain genotype 3a isolates produce no clinical steatosis. Previous studies used consensus genotype clones, which did not enable any analysis of differences within a genotype. Considering the results of Abid et al. along with our own, we hypothesize that lipid accumulation occurs along a continuum, with genotype 3 steatosis clones at the accumulation end, our genotype 3 nonsteatosis clones and genotypes 1 and 2 toward the middle, and the rest of the genotypes at the nonaccumulation end of this spectrum. The lipid accumulation observed with a genotype 1b clone in our experiments is consistent with this hypothesis. We speculate that domain 3 plays a significant role in determining intracellular lipid accumulation along this spectrum. Domain 3 is the E1 signal peptide region that facilitates cleavage to mature core protein and proper cleavage at the Core-E1 junction. Its fate after both cleavage events is unknown. Given our findings, we speculate (1) that domain 3 interacts with host proteins within the endoplasmic reticulum membrane that mediate lipid metabolism and trafficking and (2) that this interaction may differ between genotypes. This domain is predicted to form a helix, and different amino acids may act as "helix benders" in this setting [17, 31] . Compared with the LANL HCV sequence database, our analysis identified the 3 combinations that exist within genotype 3a at residues 182 and 186: FI, LI, and FV. Virtually all genotype 1 isolates, including the HCV-N used Figure 6 . Analysis of specific mutations of steatosis-associated clones. A, After the hepatitis C virus (HCV) clone HCV1 had its amino acid at position 186 changed from valine to isoleucine, which should change its phenotype from steatosis to nonsteatosis, cells expressing this HCV1 mutant clone had an average of only 8.3% staining with oil red O (ORO). When this clone was compared with the parent HCV1 clone, the difference was significant (P ϭ .03). B, Images from each group that represent the average percentages of ORO staining in the MetaMorph analysis. Immunofluorescence (IF) and ORO images are shown for GFP, HCV1, and HCV1 V186I mutant. GFP, green fluorescent protein.
in our experiment, have leucine and threonine at positions 182 and 186, respectively. We speculate that differences in the amino acid pairs between our clones may alter the helix structure enough to change the nature of the interactions with host proteins that mediate lipid accumulation.
Previous research into the pathogenesis of steatosis has primarily evaluated the expression of genotype 1 core protein. These findings have indicated that transgenic mice expressing core protein inconsistently develop age-related steatosis, that core protein and NS5A colocalize to lipid droplets, that core protein inhibits microsomal triglyceride transfer protein activity and the synthesis of very-low-density lipoprotein, and that core protein causes mitochondrial toxicity and reactive oxygen species production [32] [33] [34] [35] [36] [37] . Deletion analysis of a genotype 1a core isolate demonstrated that specific helix elements within domain 2 are required for lipid droplet association [16, 17, 38] . These domain 2 regions are common to many HCV genotypes [17, 31] , and the sequences of all of our clones are almost identical to the genotype 1 clone used in the lipid droplet study by Boulant et al. [38] . Given this identity, differences in lipid droplet binding could not account for the differences we found. Our data support the idea that intracellular lipid accumulation is not related to the ability of HCV core protein to bind to lipid droplets.
Recent studies examining a possible mechanism of steatosis formation in genotype 3a isolates have focused on the phenylalanine at position 164 up-regulating fatty acid synthase activity [39, 40] . Comparisons with genotype 1 isolates that have tyrosine at this position and mutational analysis have supported these findings. Fatty acid synthase up-regulation by this residue could not account for the changes observed between our isolates, because all of them had phenylalanine at this position and were identical throughout this region of the protein.
We used a rat-derived liver cell line. Our work with more traditional liver cell lines used with HCV (Huh7, HepG2, and Hep3B) revealed far too much intracellular lipid in standard culture conditions for us to detect any meaningful differences between the clones studied. This problem of "background" steatosis has been seen by other investigators (S. Weinman, personal communication). Many meaningful studies of basic metabolic pathways within the liver have been performed in rodent cells [41] [42] [43] [44] .
The studies presented here provide novel insights into how the highly related 3a core proteins may dramatically alter lipid accumulation through 2 polymorphisms. These polymorphisms may be significant in determining the degree of lipid accumulation in vivo and thus the degree of subsequent steatosis. Because our study involved a small number of genotype 3a core sequences expressed outside the context of the other HCV proteins, we are currently performing more comprehensive studies comparing various genotype core sequences to further correlate the polymorphisms at positions 182 and 186 with intracellular lipid accumulation and possible clinical progression toward steatosis. Our future efforts to elucidate the cellular and biochemical consequences of domain 3 polymorphisms with their intracellular function will provide a broader view of the viral contributions to HCV-associated steatosis and hepatic fibrosis.
In the present study, we discovered specific sequence polymorphisms in HCV genotype 3 isolates that segregate patients with clinical steatosis from those without steatosis. Expression of the steatosis clones led to significantly more intracellular lipid accumulation than observed with nonsteatosis clones. Mutation of these residues in steatosis clones reduced intracellular lipid accumulation. These results provide us with a model to study HCV core-associated changes in lipid metabolism. In our future work, we will attempt to elucidate the mechanisms involved and explore how steatosis may offer the virus a survival advantage.
